Bone is an organic-inorganic composite which has hierarchical structuring that leads to high strength and toughness. The nanostructure of bone consists of nanocrystals of hydroxyapatite embedded and aligned within the interstices of collagen fibrils. This unique nanostructure leads to exceptional properties, both mechanical and biological, making it difficult to emulate bone properties without having a bone-like nanostructured material. A primary goal of our group's work is to use biomimetic processing techniques that lead to bone-like structures.
Introduction
Bone is a multifunctional organ composed of organic and inorganic materials that are interconnected in an intimate and complex arrangement to accomplish desired functions. Bone is not only the major framework of vertebrate species which supports the body and protects the internal organs [1] [2] [3] , but it also plays the crucial role of maintaining the concentration of inorganic ions (i.e. calcium and phosphate) through its continuous resorption and remodeling [4, 5] . Its major components can be categorized into three categories: i) inorganic mineral (ca. 65%) consisting of nanocrystals of carbonated hydroxyapatite (HA); ii) organic phases (ca. 25%), including extracellular matrix (collagen), non-collagenous proteins (NCPs) and cells; and iii) water that is associated with the collagen (ca. 10%) [6] [7] [8] [9] [10] . The main organic portion of bone is constituted of type-I collagen, which has a triple-helical molecular structure (known as tropocollagen) that self-assembles into fibrils [11] . In electron microscopy, a periodic banding pattern is observed in type-1 collagen fibrils due to a quarter-staggered arrangement that leads to hole and overlap zones that are thought to play a vital role in the intrafibrillar mineralization of collagen [11] [12] [13] .
The basic building block of bone is the mineralized collagen fibril [1] . Collagen fibrils are mineralized with carbonated hydroxyapatite platelets which are embedded within the interstices of the fibril and roughly [001] aligned parallel to the long axis of the fibril [12, 14, 15] . The fibrils self-assemble into higher levels of structure, such as in parallel arrays that rotate across the concentric lamellae of osteons [1, 16] , with further hierarchy directed by osteoblasts as they lay down a trabecular and cortical bone macrostructure. All levels of hierarchy contribute to the unique mechanical and chemical properties of bone [4] , including the interpenetrating arrangement of the collagen and mineral phase at the nanostructural level. By embedding the brittle mineral phase throughout the ductile collagen matrix, with energy dissipation occurring through a multiplicity of sacrificial bonds, bone has remarkable fracture toughness [17, 18] . This nanostructured architecture is also valuable for allowing bone to be resorbed by acidic secretions of osteoclasts [19] , while HA in monolithic form is very slow to dissolve under physiological conditions [20] .
Numerous research groups are working on the development of bone-like collagenhydroxyapatite composites, typically using one of the following routes: 1) direct blending of collagen and mineral crystals; 2) co-precipitation of mineral during collagen fibrillogenesis; or 3) a "biomimetic" method of immersion of collagen scaffolds in simulated body fluid [21] . The latter method typically uses the conventional crystallization reaction, where nucleation of HA occurs heterogeneously on a collagen substrate placed in a mineralizing solution, such as simulated body fluid (SBF) or modified SBF [22] [23] [24] [25] [26] [27] [28] [29] . While the conventional methods have been successful at fabricating simple composites with a surface layer of random clusters of HA, they have failed to achieve intrafibrillar mineralization. The use of SBF types of reaction conditions are often considered "biomimetic" even though this approach alone does not accurately mimic how bone is formed or its nanostructure. Recently, alternative approaches using acidic polypeptides to emulate the important role of the NCPs have demonstrated this as a feasible means for achievement of intrafibrillar mineralization [12, [30] [31] [32] [33] .
One of the research thrusts in our group focuses on biomineralization, and more specifically, on the use of in vitro model systems to examine the function of acidic soluble polypeptides in mimicking the role of the acidic NCPs in bone formation. Gower and coworkers discovered that the addition of acidic polypeptides to the mineralization solution induces or stabilizes an amorphous precursor to the mineral which is so highly hydrated that it has liquid-like character [34, 35] . It was proposed that this polymer-induced liquid-precursor (PILP) process could lie at the foundation of biomineral morphogenesis, both in vertebrates and invertebrates [12, [36] [37] [38] [39] [40] [41] [42] . As to mimicking bone formation, it was shown that intrafibrillar mineralization of collagen can be achieved in vitro via this PILP process, wherein nano-sized hydroxyapatite crystals are embedded and [001] aligned within collagen fibrils [12, 40, [43] [44] [45] . The presence of acidic polypeptides produced an amorphous precursor that infiltrated the interstices of the collagen fibrils, which upon crystallization enabled the fundamental nanostructure of bone to be reproduced. It was therefore suggested that the old debate of bone formation occurring via an amorphous precursor needed to be revisited [12] , and indeed, this has now been shown to be the case in the continuously forming fin bone of zebra fish [46, 47] .
Since this fundamental breakthrough in mimicking intrafibrillar mineralization, recent studies using acidic polymer-mediated mineralization of collagen have focused on the fibrillar level, where individual collagen fibrils have been mineralized and characterized [12, 31, 33] , or randomly-oriented bundles of fibrils in the form of porous collagen scaffolds have been investigated [12, 33, [48] [49] [50] . In these cases, the nanostructured architecture of the hydroxyapatite/collagen fibrils has been shown to resemble the fundamental nanostructure of bone (i.e., intrafibrillar mineral). However, at the microstructural level, bone consists of a densely-packed collagen matrix, which is necessary to achieve high strength and toughness. Therefore, the work reported herein is focused on using this same polymer-directed process to mineralize densely-packed collagen substrates, and more specifically, collagen that is organized in a native bone matrix. To do this, demineralized bone specimens from manatee ribs served as the collagen substrates of investigation.
Manatee rib bones are high density cortical bone, with a high degree of mineralization (69 wt.%) as an adaptation to hydrostasis [51] . Demineralized bone was chosen primarily because of the retained presence of multiple hierarchical levels of collagen organization (fibrils, lamellae, osteons), which one might anticipate would be more difficult to mineralize than a porous collagen sponge. There is precedent though that a biogenic scaffold can be remineralized. Gu et al. showed that the collagen matrix of acid etched dentin could be remineralized using a dual matrix analogue system, which included both an acidic polymer (polyacrylic acid) as the sequestering agent to generate the amorphous nanoprecursors, as well as a templating analogue of polyphosphate [52] . In their system, the acid etch created a 5 to 8 μm thick layer of completely demineralized collagen matrix over a mineralized dentin base. In our study, the bone sections are fully demineralized and are considerably thicker (200 and 500 μms); yet retain the hierarchical structure of the collagen matrix that defines osteonal bone.
Manatee bone specimens were sectioned, demineralized and subsequently remineralized with calcium phosphate using various reaction parameters (polymer molecular weight, substrate dimension and reaction time) in an attempt to maximize mineral precursor penetration into the dense substrate. Electron microscopy, wide-angle X-ray diffraction, and thermogravimetric analysis were used to characterize the resulting hydroxyapatite/collagen structure, mineral content, and penetration depth.
Materials and Methods

Demineralization of Manatee Bone
Manatee bone samples were kindly donated by J. Mecholsky from the Department of Materials Science and Engineering Department at the University of Florida. The samples used were rib bones composed of solid cortical bone [53] . To determine if the degree of mineral penetration was dependent on the specimen measurements, two sample dimensions (large and small) were prepared. Prior to demineralization, bone samples were cut into rectangular strips of 40 × 3 × 0.5 mm using a wet diamond saw (Exakt Technologies, Hamburg, Germany) or 20 × 0.4 × 0.2 mm using saw microtome (Leica SP1600, performed in Dr. Fratzl's lab at the Max Planck Institute of Colloids and Interfaces in Potsdam, Germany). Demineralization of bone pieces was carried out in a 0.5 M EDTA solution (Acros Organics, Morris Plains, NJ, pH adjusted to 8.0 with NaOH) containing 0.02% (w/v) sodium azide (Sigma, St. Louis, MO) to avoid bacterial contamination. Bone pieces were incubated in the demineralization medium while stirring at room temperature for different time points (between 72 and 96 hours). After demineralization, bone samples were taken out from the demineralization solution, washed six times with large amounts of ultrapure water to remove all traces of EDTA, lyophilized and stored at −20°C until use.
Remineralization of Demineralized Manatee Bone In Vitro
Demineralized bone samples were remineralized with calcium phosphate (CaP) via the polymer-induced liquid-precursor (PILP) process. In this study, the mineralization solution was prepared by mixing equal volumes of 9 mM CaCl 2 ·2H 2 O (Sigma, St. Louis, MO) and 4.2 mM K 2 HPO 4 (Sigma, St. Louis, MO) solutions. To maintain the pH of the mineralization solution at 7.4, calcium and potassium solutions were made in Tris-buffered saline (TBS) supplemented with 0.02% (w/v) sodium azide. Poly-aspartates with different molecular weights were used as the PILP process-directing agent at a 100-μg/mL concentration. Poly-L-aspartic acid sodium salt (Mw: 10,500 or 27,000 Da; Sigma or Alamanda Polymers, Huntsville, AL) was added to the calcium solution before mixing an equal volume of the phosphate counterion solution (to avoid solution precipitates). The mineralization solution had a final concentration of 4.5 mM calcium and 2.1 mM phosphate in TBS buffer containing 0.9% (w/v) NaCl and 0.02% (w/v) sodium azide.
Demineralized bone pieces were incubated in the mineralization solution under vacuum conditions for 30 minutes to remove any air bubbles potentially trapped in the pores of the specimens (e.g., osteonal canals). After degassing the samples, the mineralization solution was kept in a 37°C oven to emulate physiological conditions. A control reaction, with no polyaspartate additive, was run for each set of experiments. At predetermined reaction times, mineralized samples were removed from the solution, copiously washed with de-ionized water, lyophilized and stored at −20°C until further use. Three samples of demineralized bone were used for each set of experiments.
Scanning Electron Microscopy (SEM) and Electron Beam Analysis
Surface-and cross-sections of samples were prepared by the freeze-fracture technique. Some of the cross-sections were obtained from epoxy-embedded samples which had a 500-μm thickness and were polished prior to coating. The sections were mounted on aluminum stubs covered in double-sided copper tape, and then sputter coated twice with amorphous carbon. Surface morphology of mineralized samples was then analyzed using a 6400 JEOL SEM instrument equipped with an energy dispersive spectrometer, at an accelerating voltage of 15 kV. For elemental analysis of mineralized samples, energy dispersive X-ray spectroscopy (EDS) analysis was done during SEM examination. To determine calcium and phosphate distribution within the bulk of the remineralized bone specimens, line scans were analyzed on each of the cross-sections, each completely within the interior of sample, with a 15 KeV accelerating voltage. For quantitative analysis, measurement of mineral penetration was done using the software ImageJ (NIH). In addition to line scan analysis, backscattered electron mode images and elemental mapping were obtained for further analysis of the mineral distribution.
Wide Angle X-ray Diffraction (WAXD) Analysis
WAXD analysis was used to determine the crystallographic structure of the samples (untreated and mineralized). To determine if the major hydroxyapatite peaks were present, which develop at around 26° (002) and 32° (combination of (211), (112) and (300)), the samples were scanned with Cu-Kα X-ray radiation from a Philips XRD ADP 3720 Diffractometer at 40 KV and 20 mA, using a step size of 0.01° mrad/s with a time of 1.25 sec/step, over a 2θ range of 10 -50°.
Transmission Electron Microscopy (TEM) Analysis
Nano-structural analysis of mineralized samples was performed on a 200CX JEOL TEM instrument with an accelerating voltage of 200 kV. To determine the crystallographic orientation of the embedded hydroxyapatite nanocrystals, bright-field (BF), dark-field (DF), and selected area electron diffraction (SAED) modes were used. For TEM analysis, samples were pulverized in liquid nitrogen, dispersed in ethanol and added dropwise onto a copper TEM grid. To prevent electron charging, samples were lightly coated with amorphous carbon.
Thermogravimetric and Differential Thermal Analysis (TG/DTA)
To determine the degree of mineralization of the samples, TG/DTA analyses were conducted using a TG/DTA 320 (Seiko, Thermo Haake, Germany) instrument. A heating rate of 5°C/min was applied in the temperature range of 30 -800°C under air at a flow rate of 100 mL/min. The amount of sample examined was between 5 -10 mg, and alumina powder was used as the standard. To compare the degree of mineralization, the material remaining at 600°C was interpreted as the mineral content since the organic portion of the samples should be totally combusted by 600°C in an oxygen-containing environment [54] .
Results and Discussion
In Vitro Remineralization of Demineralized Manatee Bone via the PILP Process
Manatee rib bone samples composed of cortical bone were demineralized with a calciumchelating solution (EDTA) commonly used for the removal of mineral in biological samples. The use of a calcium-chelating agent as opposed to an acidic process was preferred for the demineralization of the samples to avoid any damage the acidic process might cause to the collagen matrix. When samples were collected after the demineralization process, they first went through a visual inspection for initial diagnosis of the mineral removal success.
After demineralization, the appearance of the manatee bone specimens changed. Even in the wet state, changes in the color of the samples were evident at the macroscopic level. The demineralized bone appeared less white and it was translucent as opposed to the native bone, which was white and opaque. These physical changes were even more evident when the samples were dried, as shown in Figure 1 -(a) versus (b). In addition to change in pigmentation, demineralized samples lost their rigidity. In fact, they were easily bent with minimum force applied. Prior to remineralization of the samples, EDS and thermogravimetric analyses of the demineralized specimens were performed to confirm total demineralization of bone (results shown later).
Demineralized bone specimens were remineralized either by the conventional crystallization process (i.e., nucleation and growth) without polymer additive, or by the polymer-induced liquid-precursor (PILP) process [12, 49, 50] . Figure 1 shows images of native bone, demineralized bone, and specimens remineralized with polyaspartate (10KDa) to induce the PILP process. After remineralization, physical changes of the samples were observed, reversing the differences caused by the initial mineral removal. PILP-remineralized samples showed a marked increase in their white pigmentation and opacity, as well as an increased stiffness (Fig. 1) . This effect was particularly pronounced in sample (d), which was prepared using a higher supersaturated mineral solution in the presence of polyaspartate. The physical changes were so evident that even the degree of mineralization could be correlated to the physical alterations, as seen in Figure 1 , where specimen (d) contains 20 wt.% more mineral than specimen (c) (mineral content obtained from TGA analysis). The remineralized specimens also exhibited a more pure white color relative to the native bone, which must have contained various "impurities" that apparently became removed during the EDTA treatment.
When looking at the samples' topography via SEM (Figures 2A-surface & 2B-interior) , the morphology of manatee rib bone appears very rough, and with highly mineralized collagen fibrils showing some degree of orientation, depending on the sample area. This initial morphology changed after the demineralization process with the calcium-chelating agent, where a smoother surface was observed, as seen in Figures 2D-E . When the demineralized specimen was placed in a mineralization solution in the absence of polyaspartate additive, it only provided heterogeneous nucleation sites for HA on the surface of the scaffold. Figure  2G shows the surface of demineralized bone treated with the conventional process (no polymer additive) where only a few spherulitic clusters of HA crystals deposited on the surface of the collagen substrate were observed. There was no detectable mineral on the interior ( Figure 2H ). The results for the control samples were anticipated since this is the common morphology of HA precipitated by the conventional crystallization process.
In contrast to the spherulitic clusters produced with no polymer additive, the morphology of the PILP-remineralized samples (Fig. 2J-K) appears very similar to that of the original bone ( Figs. 2A-B ) after 7 days of treatment. None of the PILP-remineralized bone specimens showed evidence of surface deposits of the spherulitic type, as was the case for the control samples (Fig. 2G) . Instead, the collagen fibrils appeared to be covered by a smooth extrafibrillar mineral coating, likely caused by hypermineralization, as has been observed in our prior studies [50] . This extrafibrillar mineral was more like a continuous film-like coating, as is often seen with PILP-formed mineral films [48, 55] . The anisotropic structure of the underlying collagen fibrils could still be seen under this extrafibrillar coating, as was the case for the native bone. Interestingly, the demineralized bone specimen showed a less distinct fibrillar structure (Fig. 2D) , which returned upon PILP-remineralization (Fig. 2J-K) , but not after conventional mineralization (Fig. 2G-H) . We have seen this to be the case in some reconstituted collagen scaffolds as well, where the fibrillar texture is not readily apparent until after polymer-directed mineralization [49, 50] .
To verify the presence or absence of mineral, energy dispersive spectroscopy (EDS) was used during the SEM examination (Fig. 2 , spectra on the right). EDS analysis of the samples' surfaces determined that the rough collagen fibrils seen in native and PILPremineralized bone specimens contained a high amount of calcium and phosphorous when compared to the carbon peak at around 0 KeV (Figs. 2C and 2L, respectively) . EDS of the demineralized specimen confirmed the absence of detectable mineral elements in the sample (Fig. 2F) while very low amounts of mineral (probably from the HA clusters) were detected for the specimen mineralized with the conventional crystallization process (Fig. 2I) . EDS analysis of the cross-sectional areas of native and demineralized bone specimens did not show any difference with respect to the EDS results for the surface area of the samples (data not shown), while the cross-sectional areas of the PILP-remineralized bone specimens showed a lower amount of mineral relative to the surface (Fig. 2M) .
A comparison study of the XRD patterns of native, demineralized conventional remineralized, and PILP-remineralized bone is shown in Figure 3A . After 7 days of reaction, broad peaks of hydroxyapatite were observed in PILP-remineralized bone at around 26° and 32°, corresponding to the (002) and the combination of overlapping (211), (112), (300) peaks, respectively [55] . This XRD pattern of PILP-remineralized bone exhibits similar peak widths to the XRD patterns of native bone. The (211), (112), (300) peaks of carbonated hydroxyapatite in bone are normally overlapped into one broad peak due to the extremely small crystal size and defects such as carbonate, impurities and calcium vacancies [56] [57] [58] [59] [60] [61] . In the case of demineralized bone and conventional remineralized bone specimens, no peaks were observed.
The surface topology, combined with EDS and XRD analyses, correlate to the presence of HA in the PILP-mineralized bone samples after 7 days of mineralization. Furthermore, given that hydroxyapatite clusters were not observed on the surface of PILP-remineralized specimens, as it is the case of samples treated without the polymer additive, the EDS and XRD readings of calcium and phosphorous suggest that hydroxyapatite crystals are localized within (intra) and around (inter) the collagen fibrils. The overall morphology of the PILPremineralized specimen bears a striking resemblance to native bone ( Fig. 2A) , which also consists of intra-and extra-fibrillar mineral.
Cross-sectional analysis found that the PILP-remineralization of bone was not uniform across the sample thickness (~ 500 μm). As can be seen in the EDS line-scan in Figures 3B  and 3C , only the edges of the 7-day remineralized sample showed mineral levels comparable to native bone. The interior of the specimen showed some areas where mineral was present, as well as areas with no mineral. Just taking into account the regions that were uniformly mineralized (near the two surfaces), it seems that the remineralization process only achieved about a 100-μm depth of mineral penetration across the sample on both surfaces. Aiming to increase the mineral penetration, demineralized bone samples were treated with our PILPmineralization solution for up to four weeks. To determine calcium and phosphate distribution, line scans were analyzed on each of the cross-sections and ImageJ software was used to measure mineral penetration. However, no improvement in mineral penetration was observed beyond seven days of treatment, as shown in Figure 3D (data for 3 and 4 weeks not shown). Conversely, variability in the degree of mineral penetration among samples seemed to increase with longer incubation times. This may have been caused by regions of solidified mineral blocking further infiltration. The lack of further mineralization may have been due to a deficiency of calcium and phosphate in the solution since no extra ions were added while increasing the incubation time.
To further analyze mineral distribution across the bulk specimen, SEM in backscattered electron (BSE) mode and elemental mapping analysis of the PILP-remineralized samples was performed (Fig. 4) . BSE mode was used because it gives an enhanced signal for higher atomic number elements, thereby enhancing the brightness of the mineralized regions. Regions of electron-dense material were found at the edges, as expected from the line scan analysis in Figure 4 . But surprisingly, a pronounced enhancement of osteonal structures was observed in the BSE images of PILP-remineralized bone cross-sections (Figs. 4B and 4F) . This was particularly apparent in the elemental mapping results. High levels of calcium and phosphorous were localized at the surfaces of the bulk sample (Fig. 4C-D) , and in the oval structures of osteons ( Fig. 4G-H) .
It is interesting that within the well-mineralized area of the specimen, calcium and phosphate ions show this preference for the osteonal structures (Figs. 4G-H ). This could simply be due to the accessibility of the precursor to travel through the osteonal channels. However, on close inspection, these osteons do not appear to have a hollow channel interior, and yet are not filled with mineral (judging from the backscattered image and elemental mapping). Whatever was there (presumably vasculature), apparently does not readily mineralize. In addition, there appears to be a marked delineation between the osteons and surrounding layers, suggesting there may be more to this preferential mineralization than simply accessibility. The mineral's preference for these particular structures could be related to the difference in structure of the collagen fibrils in the osteons. In nature, osteons are a result of cellular bone remodeling; therefore their structure is naturally designed to facilitate the remineralization process. This could be due to a lower degree of stable collagen crosslinks within the osteonal regions of bone compared to the interstitial regions (interosteonal regions are more mature bone) [62] . Thus, the less mature osteonal collagen fibrils might favor the amorphous precursor infiltration within the fibrils during the biomimetic remineralization of bone. This might also be one reason why it was difficult to mineralize these scaffolds to a greater extent, and why they are so heterogeneous; in addition to the high matrix density, the crosslinking of the biogenic collagen could impart some limitations. Perhaps our in vitro mineralization process is similar in the materials chemistry aspect to the native bone remodeling process, where both may require less stable crosslinked collagen fibrils to allow for infiltration of a precursor.
The similarities found in native and PILP-remineralized bone were very promising, but it was not immediately obvious that intrafibrillar mineralization of the PILP samples had taken place because of the extrafibrillar mineral on the surface (shown in Fig. 2J ). In the case of PILP-mineralized collagen sponges in our prior studies, the individual fibrils were smooth and more distinct when they contained high levels of mineral, which occurred after only 3 days of mineralization [49, 50] . In previous studies [48] [49] [50] 55] , we have also observed that interfibrillar mineralization starts after a certain degree of intrafibrillar mineral is achieved. At that time, the precursor begins to deposit on and around the fibrils, cementing them together with an external mineral coating. We believe the same process had occurred here, but intrafibrillar mineralization is more difficult to detect at the microstructural level due to the high density of the material. Therefore, TEM analysis was used to verify that these hyper-remineralized collagen fibrils also contain a high degree of intrafibrillar mineral.
Bright-, dark-field TEM and selected area electron diffraction (SAED) modes were used to determine the orientation and phase of the calcium phosphate crystals present in the PILPremineralized bone specimens. TEM sample preparation consisted of crushing remineralized bone in liquid nitrogen to isolate small fragments. As in bone, it is difficult to isolate separate mineralized fibrils in well mineralized samples, thus it becomes difficult to recognize the collagen-mineral relationship (one has to rely more on electron diffraction analysis). Figure 5A shows the TEM bright-field image of a mineralized collagen fibril. Interestingly, literature on hypermineralized whale bone shows fragments that appear very similar, where collagen fibrils are sometimes difficult to discern, as well as any banding pattern [63] . It should be noted that the TEM samples were not stained with phosphotungstic acid or any other electron-dense substance. The fibrils in Fig. 5A showed dark contrast and looked highly mineralized, which is further corroborated by the dark-field TEM mode of the same fibrils (Fig. 5B) .
To assess the crystallographic orientation of the intrafibrillar HA crystals, SAED was performed on individual fibrils. The SAED pattern of the remineralized bone fibrils illustrated in Figure 5C demonstrates that HA crystals are oriented in the [001] direction parallel to the long axis of the collagen fibrils (Fig 5A) . This SAED pattern is very similar to that of bone [15, 64] , with tilting and rotational disorder creating arcs for most of the planes [12] . As reported in previous studies [12, 33] , certain domains in the collagen molecules that stimulate nucleation from specific crystallographic planes might be responsible for this preferential orientation. However, this favored orientation only seems to happen when there is an amorphous precursor phase involved in the crystallization process, which is not the case for conventional mineralization reactions (even though these are often considered biomimetic).
The mineral content of native, demineralized, and PILP-remineralized bone specimens was determined by thermogravimetric analysis (TGA). As shown in Figure 6 , native bone had a mineral content of 68 wt.%, while the TGA result of demineralized bone showed 0 wt.% mineral content as expected. In the case of the PILP-remineralized specimen, the total mineral content reached 30 wt.% at 7 days of mineralization compared to 0 wt.% for the conventional mineralized sample (data not shown). The low mineral content of the remineralized sample correlates to the mineral distribution, where mineral only penetrated about 100 μm from the surfaces to the center of the specimen. Although the mineral content reached in the PILP-remineralized bone was less than 50% of the total mineral content of native bone, one has to keep in mind that only the outer regions of the samples were mineralized. Thus the results are still promising since the areas that were remineralized showed a bone-like architecture at the micro-and nano-structural levels.
Thermal analysis of the bone specimens was done by thermogravimetric and differential thermal analysis (TG/DTA). Figure 7 displays the DTA curves for native, demineralized, conventional-mineralized (no polymer additive), and PILP-remineralized bone specimens. According to the literature, exothermic peaks in the range of 260 -360°C correspond to collagen decomposition, while exothermic peaks in the range of 450 -550°C correspond to collagen combustion [54] . DTA measurements showed a similar thermal behavior for native and PILP-remineralized bone samples. There is an exothermic peak with a maximum of about 337°C and 318°C for native bone and PILP-remineralized bone, respectively. In contrast, in the demineralized and conventional-mineralized (control) bone samples, the lower temperature peak is barely perceptible, and is replaced by a prominent peak at 548°C for the demineralized bone and at 500°C for the control. This strikingly different thermal behavior is not surprising though because the DTA curves for these two samples resemble the thermal behavior of pure collagen, which has been shown to have a high-temperature peak at 517°C (found in biological and reconstituted collagen) [54, 65] . These results demonstrate that the thermal stability of demineralized bone changed to a thermal behavior approaching that of native bone's after PILP-remineralization, which was not the case for the conventional mineralized samples. This change in thermal stability could be attributed to the intimate structural relationship between hydroxyapatite and the collagen fibrils, as seen in native bone. Therefore, the thermal analysis of in-vitro remineralized specimens could be used as another tool to define intrafibrillar mineralization, where hydroxyapatite crystals embedded within the fibrils are intimately associated and alter its thermal stability.
Effects of Specimen Dimension and Polymer-directing Agent on Mineral Penetration
Although the morphology and thermal stability results of our in-vitro remineralized bone compared to those of native bone, the degree of mineral penetration was still deficient. Since manatee bone is a very dense and compact material, smaller samples with 200-μm thickness were tested to improve the probability of mineral reaching across the entire sample crosssection. To further enhance mineral penetration, a higher molecular weight polyaspartate (27 KDa) , which has been shown to improve collagen mineralization [49, 50] , was used as the polymer-directing agent of the in-vitro remineralization process.
Interestingly, mineral penetration did not seem to improve by decreasing the specimen dimensions or using a more effective polymer-directing agent after 7 days of mineralization (Figs. 8A-C) . However, when the remineralization process was carried out for 14 days, a deeper mineral penetration of about 100 μm (compared to the 25-μm mineral penetration at 7 days) was observed, which seemed to be initiated on only one side of the sample (Figs.  8D-G) . Figures 8I and 8J show the XRD and TGA patterns for the remineralized specimens, respectively. The results for the crystallographic structure of the samples were comparable to hydroxyapatite in bone, as expected (Fig. 8I) . In the case of the thermogravimetric analysis, the total mineral contents reached for the 7-and 14-day samples were 43 wt.% and 45 wt.%, respectively (not significantly different, although both being improved relative to the former data of 30 wt.%). It is puzzling that the TGA data showed no significant difference between the 7 and 14 day sample, while the depth profile seemed to show an improvement. As judging by the line scan, while the penetration seemed to reach a greater depth in the 14 day sample, the level of mineral was perhaps less and rather spotty, being predominantly on one side. This could be the result of the specimen resting on the bottom of the reaction vessel and one side being more exposed to the mineralization solution than the other. The discrepancy observed between the mineral content and penetration of the 7-and 14-day remineralized specimens is likely a consequence of structural variability between the examined samples. Even within the same sample, this was clearly seen in Fig. 4 , which showed much enhanced mineral in the osteonal regions of the sample. It is important to consider the influence of specimen variability when using a natural collagen matrix. It is well-known that biological samples have certain degree of variability within the same species, which is more accentuated with age, sex and environmental conditions [62] . Since the bone tissue used was donated, we were not able to track down its origins and classify it to decrease variability within the sample group studied. This could explain some of the inconsistency in the mineral distribution and mineral content results for certain samples.
Certainly, mineral distribution and penetration across the bulk of the bone matrix seem to be a challenge for the PILP process. We believe the physical characteristics of the substrate used for in-vitro mineralization influence the kinetics of the process. Collagen in manatee bone is very dense, representing a material with a reduced surface area compared to porous materials. This compact substrate with limited surface area makes the penetration of the precursor nanodroplets more challenging. We speculate that while infiltration of the nanodroplets into the collagen may occur rapidly, the rate limiting step is for the nanodroplets to reach the collagen scaffold from the surrounding solution. Therefore, the infiltrated mineral, which solidifies with time, could potentially block further infiltration of the precursor that reaches it at a later time, thus limiting the ultimate depth of penetration.
In addition, one should note that the lamellae in bone's osteons are only around 2 to 10 microns in thickness, which means that demands for depth of mineral penetration are not as high. Here, this PILP process has led to depths that far exceed the dimensions of the lamellae in natural bone formation. It is not known if the reason for the lamellar thickness in bone is related to limitations in the depth of mineral penetration, or if it is simply related to the dimensions and secretory ability of osteoblasts. In any case, these results suggest that it would be feasible for osteoblasts to secrete non-collagenous proteins (comparable to the polyaspartate used here) that could induce such a PILP-type process, which could then readily mineralize the thin lamellae as they are laid down in sequential fashion.
Conclusions
Using a biogenic collagen scaffold obtained from demineralized manatee bone, it was demonstrated that a bone-like nanostructure (intrafibrillar mineral) and microstructure (lamellar osteons) could be restored using a polymer-induced liquid-precursor (PILP) mineralization process. Mineral penetration depths of up to 100 μm were achieved using this PILP process, in stark contrast to the conventional crystallization process, which led to no penetration and only surface precipitates. The overall morphology of the PILP-remineralized specimen bore a strong resemblance to the native bone, showing an anisotropic fibrillar texture, with a smooth extrafibrillar mineral coating on the hypermineralized collagen fibrils. Under the most optimal conditions, using a thinner scaffold and a higher molecular weight polyaspartate (Mw 27 KDa), a degree of mineralization of 45wt% was attained. Regarding the substrate's dimension, the content of mineral relative to the overall sample improved for the thinner substrate, although a full depth of penetration was not achieved.
Comparison of morphology, crystallographic orientation of the intrafibrillar HA crystals, and thermal stability results of the PILP-remineralized bone, as well as the affinity of the mineral precursor for the osteonal structures, suggest that the function of polyaspartate in our in-vitro mineralization process emulates the role of the acidic non-collagenous proteins in bone formation. Although most of the analyses presented in this study were qualitative, the results are still promising. Hence the PILP process could be used as a biomimetic model system for the development of the next generation of synthetic bone-graft materials. XRD and line scan spectroscopy analysis of manatee bone samples. XRD curves of native, demineralized, conventional remineralized (no polymer additive) and PILP remineralized manatee bone (A). SEM with corresponding line-scan analysis of the cross-sectional area of (B) natural bone, and (C) PILP-remineralized bone. PILP remineralized bone was treated with a solution containing 100 μg/ml of 10-KDa poly-L-aspartic acid for 7 days. Scale Bars = 200 μm. (D) Mineral penetration of PILP-remineralized bone cross-sections (n = 3). No significant differences between the two time points were observed. TGA curves of manatee bone. Native bone (solid line); PILP-remineralized bone treated with 100 μg/ml of 10-KDa poly-L-aspartic acid for 7 days (dashed line); and demineralized bone (dotted line). DTA curves of natural, demineralized, conventional remineralized (no polymer additive) and PILP remineralized manatee bone. PILP remineralized bone treated with 100 μg/ml of 10-KDa poly-L-aspartic acid for 7 days. Electron microscopy, wide-angle X-ray diffraction, and thermal analysis of PILPremineralized manatee bone samples treated with 100 μg/ml of 27-KDa poly-L-aspartic acid. SEM of (A, B) surface and (C) cross-section of PILP-remineralized bone at 7 days. (D) Line scan spectroscopy of the 7-day remineralized bone cross-section. SEM of (E, F) surface and (G) cross-section of PILP remineralized bone at 14 days. (H) Line scan spectroscopy of the 14-day remineralized bone cross-section (brace symbols indicating areas of low mineral penetration). XRD (I) and TGA (J) curves of demineralized and PILP-remineralized manatee bone. PILP remineralized bone treated for 7 (dashed line) and 14 (solid line) days.
